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Summary
The diversity of neuronal cells, especially in the size
and shape of their dendritic and axonal arborizations,
is a striking feature of thematurenervous system.Den-
dritic branching is a complex process, and theunderly-
ing signalingmechanisms remain to be further defined
at the mechanistic level [1–3]. Here we report the iden-
tification of shrub mutations that increased dendritic
branching. Single-cell clones of shrub mutant den-
dritic arborization (DA) sensory neurons inDrosophila
larvae showedectopic dendritic andaxonal branching,
indicating a cell-autonomous function for shrub in
neuronal morphogenesis. shrub encodes an evolu-
tionarily conserved coiled-coil protein homologous
to the yeast protein Snf7, a key component in the
ESCRT-III (endosomal sorting complex required for
transport) complex that is involved in the formation
of endosomal compartments known as multivesicular
bodies (MVBs) [4]. We found that mouse orthologs
could substitute for Shrub in mutant Drosophila em-
bryos and that lossof Shrub function causedabnormal
distribution of several early or late endosomalmarkers
in DA sensory neurons. Our findings demonstrate that
the novel coiled-coil protein Shrub functions in the en-
dosomal pathway and plays an essential role in neuro-
nal morphogenesis.
Results and Discussion
shrub Mutant Embryos Exhibit Reduced Dendritic
Fields and Altered Dendritic Branching Patterns
Multidendritic (MD) neurons are a subset of PNS sensory
neruons in Drosophila embryos and larvae. Of the MD
neurons, most are classified as dendritic arborization
(DA) neurons, which elaborate extensive dendritic trees
in a two-dimensional manner just under the epidermis
[5]. Expression of green fluorescent protein (GFP) with
neuronal subtype-specific Gal4 lines allows easy
*Correspondence: fgao@gladstone.ucsf.eduvisualization of dendritic morphology in living embryos
or larvae [6, 7]. Forward genetic screens in this and other
assay systems inDrosophila have identified a number of
potentially novel loci where mutations led to striking al-
terations in dendritic morphogenesis (e.g., [6, 8, 9]).
A mutation at the shrub locus (shrub4), mapped to 44F-
45E, dramatically decreased the size of the dendritic
fields of DA neurons [6]. shrub4 mutant embryos die be-
fore reaching the larval stage. To further characterize the
dendritic phenotype, we collected wild-type and shrub4
mutant embryos at three different time points. At 15–16
hr after egg laying (AEL), wild-type dorsal-cluster DA
neurons extended two dorsally oriented dendrites with
few lateral branches, whereas the dorsal dendrites in
shrub4 mutants often branched several times to produce
multiple dorsally oriented dendrites (Figure 1A). Time-
lapse analysis demonstrates that the lateral branching
process is highly dynamic, and some lateral branches
are stabilized by 18–20 hr AEL (Figure 1A and [6]). At
17–18 and 19–20 hr AEL, DA neurons in shrub4 mutants
exhibited greatly reduced dendritic fields, and lateral
branches often failed to reach the adjacent segment
boundaries. Under higher confocal magnification, how-
ever, we could see numerous fine dendritic processes
that are difficult to discern in the image presented in Fig-
ure 1. To quantify the changes in dendritic arborization in
shrub4 mutants, we calculated the aggregate dendritic
field for the six dorsal-cluster DA neurons as described
[10]. The average dendritic field of dorsal clusters was
reduced in shrub4 mutant embryos (Figure 1B). Dendritic
growth was similarly affected in embryos with the shrub4
mutation in trans to a deficiency covering 44F–45E
(Df(2R)Np5, In(2LR)w45-32n) (data not shown), suggest-
ing that the shrub4 dendritic phenotype was not due to
mutations at other cytological locations.
Identification of the shrub Gene
To clone shrub, we found two P element insertions that
were located between 44F and 45E and failed to com-
plement the lethality of shrub4. Both lines contained in-
sertions in the 50 region of a novel gene CG8055.
P{lacW}l(2)k11201k11201 was inserted 128 nucleotides
upstream of the ATG start codon, and precise exci-
sion of the P element rescued the lethality. P{EPgy2}-
CG8055EY05194 was inserted 73 nucleotides upstream
of the coding region in the first exon of CG8055 and ex-
hibited a phenotype similar to that of shrub4 (Figure 1C).
We found a 31 nucleotide deletion in the coding region of
CG8055, suggesting that CG8055 is shrub (Figure 1C).
No mutations were found in other adjacent genes.
Wild-type Shrub protein has 226 amino acids and con-
tains two coiled-coil domains with many basic residues
clustered near the amino terminus and many acidic res-
idues clustered near the carboxy terminus (Figure 1D).
We also generated a rabbit polyclonal antibody
against a fusion protein of GST and full-length Shrub.
Western blot analysis with this antibody showed a robust
band near 36 kDa in wild-type embryonic extracts but
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1007Figure 1. Dendritic Phenotypes in shrub Mu-
tant Embryos and Cloning of the shrub Gene
(A) Dendritic morphogenesis of dorsal-cluster
DA neurons in wild-type (WT) and shrub4 mu-
tant embryos. Numerous fine processes in
shrub4 mutant embryos could be seen under
higher confocal magnification. Embryos were
collected at 1 hr intervals and imaged at 15–
16 hr, 17–18 hr, and 19–20 hr after egg laying
(AEL). The scale bar represents 20 mm.
(B) Quantification of dendritic-field area for
dorsal-cluster DA neurons in WT and shrub4
mutant embryos as described [10]. Segments
A2–A6 were examined in embryos at 17–
18 hr AEL, and 20 segments per genotype
were quantified. ***: p < 0.001. All values are
mean 6 SEM.
(C) Genomic organization of the shrub locus.
The boxes represent exons, and the lines indi-
cate introns. Black areas show the coding region of shrub. The 31 nucleotide deletion in the shrub4 allele is located in the second exon. One P
element (P{lacW}l(2)k11201k11201) is inserted in the regulatory region, and one P element (P{EPgy2}CG8055EY05194) is inserted in the first exon.
(D) Domain organization of the Shrub protein. The black boxes indicate coiled-coil domains, and the positive and negative symbols represent
regions with a high percentage of positively and negatively charged amino acids. The deletion in the shrub4 allele is located in the first coiled-
coiled domain.
(E) Western blot analysis with a rabbit antibody raised against the Shrub-GST fusion protein indicates that Shrub is not expressed in shrub4 mu-
tant embryos. Anti-b-tubulin was used as a loading control. Numbers indicate molecular mass in kDa. Because no smaller bands were detected,
truncated Shrub is probably unstable or present only at very low levels. A nonspecific band near 43 kDa is present in both wild-type and shrub4
extracts.not in shrub4 mutant extracts (Figure 1E); this was larger
than the predicted size of Shrub (25 kDa). This difference
is likely due to the high percentage of charged amino
acids, which can alter protein mobility in polyacrylamide
gels. Related proteins in yeast show similar shifts in
SDS-PAGE migration [11].
Shrub is an uncharacterized novel Drosophila protein
homologous to yeast Snf7 [12], a class E Vps protein
(also known as Vps32) involved in the trafficking of
transmembrane proteins to the lysosome via MVBs
[11]. In epithelial cells, Shrub seems to be diffusely local-
ized in the cytoplasm, as shown by immunostaining
(data not shown), consistent with the localization of
Snf7 in yeast [11]. Shrub and its mammalian homologs
are highly conserved at the amino acid level. Three
Snf7 orthologs, hSnf7-1, hSnf7-2, and hSnf7-3 (also
known as CHMP4B, CHMP4A, and CHMP4C, respec-
tively) are present in the human genome [13, 14]. In the
mouse genome, there are two uncharacterized ortho-
logs that we named mSnf7-1 and mSnf7-3, which corre-
spond to hSnf7-1 and hSnf7-3, respectively.
Phenotypic Rescue and Functional Conservation
of Shrub Homologs
To further confirm that the deletion mutation in shrub4 is
responsible for the dendritic phenotype, we performed
two genetic rescue experiments. The shrub4 mutation
is lethal in late embryogenesis, but concomitant ubiqui-
tous expression of Shrub with tubulin-GAL4 allowed
survival of 99% of mutant embryos to the third-
instar larval stage, suggesting that shrub is indeed
responsible for the lethality in shrub4 mutants (Fig-
ure 2A). Moreover, mSnf7-1 and mSnf7-3 could partially
rescue the lethality of shrub4 mutants (Figure 2A). These
data suggest that both mammalian homologs can func-
tionally replace Shrub in shrub4 mutants.
In the second rescue experiment, two copies of the
UAS-shrub transgene were expressed in PNS neuronswith Gal4 109(2)80, and the average dendritic field size
of dorsal cluster DA neurons was calculated (Figures
2B–2E). Expression of UAS-shrub in shrub4 mutants in-
creased the average dendritic field to near the wild-
type level. The rescued dorsal clusters contained a num-
ber of lateral branches, which were largely absent in
shrub4 mutant clusters.
Cell-Autonomous Roles of Shrub
Shrub mRNA is expressed during embryogenesis in
many, if not all, cell types, including neurons and epithe-
lial cells (data not shown). To further examine the cell-
autonomous function of Shrub in dendritic branching,
we used the MARCM technique [15] to reduce shrub ac-
tivity in single DA neurons in third-instar larvae. This
technique allowed cell-autonomous dendritic pheno-
types to be examined and quantified in each of the six
dorsal-cluster DA neurons [16, 17].
The dorsal-cluster ddaE and ddaF neurons [16] have
simple dendritic branching patterns extending over
a limited area of the hemisegment with few higher-order
branches. For example, wild-type ddaE neurons extend
several branches posteriorly toward the adjacent seg-
ment boundary. These branches have the same appar-
ent diameter proximal and distal to the cell body and
no fine spine-like protrusions, as occur in some other
DA neurons (Figure 3A). The shape of the dendritic trees
of shrub4 mutant ddaE neurons was similar to that of the
wild-type, but the number of dendritic termini increased
significantly because of an increase in fine, higher-order
branches (Figures 3B and 3E). shrub4 mutant clones
of ddaF and ddaB neurons showed similar results
(Figure S1 in the Supplemental Data available with this
article online).
To further confirm these cell-autonomous pheno-
types, we also used a UAS-shrub-RNAi transgenic line.
This RNAi construct could effectively downregulate the
expression of endogenous Shrub as shown by Western
Current Biology
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(A) Quantification of third-instar larval viability in shrub4 mutants and rescued lines. The survival rate is expressed as the number of surviving
larvae divided by the maximum possible number of larvae with the genotype of shrub4;tubulin-Gal4/UAS-shrub (or UAS-mSnf7-1 or UAS-
mSnf7-3). Survival beyond larval stages was not examined; see Supplemental Experimental Procedures.
(B) Quantification of dendritic-field area for dorsal-cluster DA neurons as described in the Figure 1 legend. n = 20 for each genotype. All values are
mean 6 SEM. *: p < 0.05.
(C–E) Representative dendritic branching of dorsal-cluster DA neurons in wild-type (C), shrub4 mutant (D), and shrub4;UAS-shrub (E) embryos at
17–18 hr AEL are shown. The scale bar represents 20 mm. Expression of UAS-GFP driven by Gal4 109(2)80 was used for visualization of dendritic
morphology.blotting analysis (data not shown). When the RNAi trans-
gene was expressed in ddaE and ddaF neurons in the
dorsal cluster driven byGal4221, the dendritic phenotype
was similar to that of shrub4 MARCM clones: increased
dendritic termini due to downregulation of shrub expres-
sion (Figures 3C–3E). The RNAi phenotype was less se-
vere than that in shrub4 MARCM clones because RNAi
likely led to a partial reduction of shrub expression.
ddaC neurons develop complex arbors that cover the
entire area of the dorsal hemisegment (Figure 3F).
Shrub4 mutant ddaC neurons showed a nearly 100% in-
crease in dendritic termini (Figures 3G and 3H). More-
over, shrub4 mutant ddaC neurons exhibited a high de-
gree of branching complexity near the cell body,
whereas much of the dendritic branching in wild-type
ddaC neurons occurred near the edges of the dendritic
field. Dendritic fields of shrub mutant ddaC neurons
(Figure 3G) were also reduced in size, consistent with
the dendritic phenotype seen in shrub mutant embryos
(Figure 1A). Similar shrub4 mutant phenotypes were
also seen in other dorsal-cluster DA neurons. Of the
six dorsal-cluster DA neurons, ddaA and ddaD neurons
are distinguished by the numerous actin-rich, spine-like
protrusions that extend from the dendritic shafts [18,
19]. As compared to the wild-type, shrub4 mutant
ddaA or ddaD neurons extended longer spine-like pro-
trusions (Figure S2).shrub4 Mutant Neurons Exhibit Ectopic Axonal
Branching
We used several neuron-specific antibodies to immu-
nostain shrub4 mutant embryos and found no gross
morphological changes in axon fasciculation or guid-
ance in the PNS or CNS (Figures S3A and S3B and
data not shown). Changes in synaptic growth or arbor-
ization were not examined. We hypothesized that the
absence of gross axonal phenotypes in shrub4 mu-
tants could be due to a maternal contribution of the
shrub gene. Maternal germline recombination (see
Supplemental Experimental Procedures) was used to
create maternal knockout embryos derived from
shrub4 mutant germline cells. These embryos showed
severe defects in neuronal specification and differenti-
ation (data not shown), supporting an essential role for
maternally contributed Shrub at early embryonic
stages.
PNS axons normally extend unbranched to the ventral
nerve cord and form synapses on CNS neurons. Ectopic
axonal branches were found in 21% of shrub4 mutant
neurons generated by the MARCM technique (Figures
S3D and S3E). Because a large portion of PNS axons in-
side the larval body cannot be visualized with this tech-
nique, we suspect that the percentage of shrub4 mutant
neurons exhibiting ectopic axonal branching is actually
much higher.
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(A) A wild-type ddaE neuron with smooth dendrites extending toward the posterior segment boundary. This neuron is labeled by GFP with the
MARCM technique.
(B) A shrub4 mutant ddaE neuron generated by MARCM shows increased dendritic branching, especially near the cell body.
(C) A ddaE neuron labeled by GFP under the control of Gal4221.
(D) A ddaE neuron in which Gal4221 drives expression of a shrub RNAi construct also exhibits increased dendritic branching.
(E) Quantification of dendritic ends in wild-type or shrub mutant ddaE neurons. The first two columns are from MARCM analyses (n = 20 for mu-
tant neurons and n = 11 for wild-type neurons), and the last two columns are fromGal4221-labeled neurons. The number of dendritic ends of ddaE
neurons varies from early- to late-third-instar larval stages and, therefore, may differ slightly from experiment to experiment.
(F) A wild-type ddaC neuron that elaborates dendrites covering a large area between segment boundaries.
(G) A shrub4 mutant ddaC neuron with increased dendritic termini and a reduced dendritic field, a phenotype consistent with the dendritic phe-
notype in shrub4 mutant embryos (Figure 1A).
(H) Quantification of dendritic ends in wild-type or shrub4 mutant ddaC neurons. Values are mean6 SEM. ***: p < 0.001, **: p < 0.01. The scale bar
represents 50 mm.shrub Mutation Causes Abnormal Distribution
of Endosomal Markers
To confirm the subcellular localization of Shrub in Dro-
sophila sensory neurons, we generated a UAS-shrub-
GFP transgenic line. Expression of Shrub-GFP in the
eyes with eyeless-Gal4 or GMR-Gal4 resulted in dra-
matic retinal malformation or degeneration similar to
that caused by shrub-RNAi (data not shown). Expres-
sion of Shrub-GFP in ddaE neurons with Gal4221 caused
an overbranching phenotype similar to that in shrub4
mutants (Figure 4B); branching in neurons overexpress-
ing Shrub did not vary from that in the wild-type (Fig-
ure 4C). This finding suggests that Shrub-GFP acts as
a dominant-negative form and further comfirms the
cell-autonomous function of Shrub in controlling den-
dritic morphogenesis.
To assess endosome/lysosome function in a cell with
reduced Shrub function, we used Spinster, a transmem-
brane protein and marker for late endosomes and lyso-
somes in Drosophila [20]. Spinster-RFP was localized to
puncta in the cell body and throughout the dendrites and
axons of PNS neurons (Figure 4E). However, coexpres-
sion of Shrub-GFP led to accumulation of Spinster-
RFP in large vesicles in the cell body and dendrites
(Figure 4F). Spinster-GFP localization in DA neurons ofshrub4 mutant embryos was also abnormal (data not
shown). We also examined different Rab proteins. The
late endosomal marker Rab7-GFP and the early endoso-
mal marker Rab5-GFP were redistributed when coex-
pressed with shrubRNAi (Figures 4G–4J). Coexpression
of shrub RNAi did not affect recycling endosomal
markers Rab4-RFP (Figures 4K and 4L) and Rab11-
GFP (data not shown). These results are consistent
with a role for Shrub in protein transport through the en-
dosomes to lysosomes.
The endosomal pathway modulates many cell-sig-
naling pathways through internalization and subse-
quent sorting of receptor molecules [21, 22]. The con-
trol of neuronal morphogenesis by Shrub could be
mediated by one or more receptor-signaling pathways.
Indeed, Notch processing and activity were affected
by shrub mutations, which contribute to the shrub
dendritic phenotype (our unpublished data). Our find-
ings are consistent with the reports that Drosophila
Vps25, a component in the ESCRT-II complex, controls
epithelial cell proliferation by regulating Notch traffick-
ing in endosomes [23, 24]. Moreover, mutations in Dro-
sophila Vps23/Tsg101, a component in the ESCRT-I
complex, also resulted in increased Notch signal-
ing [25].
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(A) A wild-type ddaE neuron labeled by Gal4221.
(B) A ddaE neuron labeled by Gal4221 that also expresses UAS-shrub-GFP and exhibits increased dendritic branching.
(C) A Gal4221-labeled ddaE neuron that also expresses UAS-shrub.
(D) Quantification of dendritic branching of ddaE neurons that are either wild-type (n = 27) or overexpressing UAS-shrub-GFP (n = 73) or UAS-
shrub (n = 35). In this experiment, the number of dendritic ends was counted from early-third-instar larvae; therefore, the value for the wild-type
control is slightly smaller than that in other experiments. Values are mean 6 SEM. ***: p < 0.001.
(E) Subcellular localization of Spinster-RFP in a wild-type ddaE neuron shows punctate localization in the cell body and dendrites. Gal4 109(2)80
drives target-gene expression in panels (E)–(K).
(F) Subcellular localization of Spinster-RFP in a ddaE neuron coexpressing Shrub-GFP. Large accumulations of Spinster-RFP were found in the
cell body and dendrites.
(G–L) A ddaE neuron expressing the following markers: late endosomal marker Rab7-GFP (G); late endosomal marker Rab7-GFP, and shrub
RNAi (H); early endosomal marker Rab5-GFP (I); early endosomal marker Rab5-GFP and shrub RNAi (J); recycling endosomal marker Rab4-
RFP (K); and recycling endosomal marker Rab4-RFP and shrub RNAi (L).Our studies here reveal the importance of the ESCRT
complexes in the control of neuronal morphogenesis.
The ESCRT complexes have been associated with sev-
eral neurodegenerative diseases. The hereditary spastic
paraplegia protein spastin interacts with CHMP1B, an
ESCRT-III-complex-related endosomal protein [26].
More recently, a specific mutation within the CHMP2B
gene, which encodes the ortholog of Vps2, another
component of the ESCRT-III complex, was found in
a Danish frontotemporal dementia family [27]. Further
understanding of the molecular and physiological con-
sequences of defects in ESCRT complexes may offer
new insights into age-dependent neurodegenerative
disorders.
Supplemental Data
Supplemental data include three figures and Experimental Proce-
dures and can be found with this article online at http://www.
current-biology.com/cgi/content/full/16/10/1006/DC1/.
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